However, we do not see this reduction in loci putatively under selection, suggesting that 48 genetic diversity may have been maintained at ecologically relevant traits, or that mutation 49 rates were high enough to maintain adaptive potential. Nonetheless, cane toads encounter 50 novel environmental challenges in Australia and appear to respond to selection across 51 environmental breaks; the transition between genetic clusters occurs at a point along the 52 invasion transect where temperature rises and rainfall decreases. We identify loci known to 53 be involved in resistance to heat and dehydration that show evidence of selection in 54 Introduction 59
The genetic paradox of invasion (Allendorf, 2003) describes a phenomenon that challenges 60 widespread evidence of the relationship between genetic diversity and adaptive potential. 61
High genetic diversity within a population is beneficial because it likely underlies phenotypic 62 variation, allowing the population to respond to selection imposed by environmental change 63 (Frankham, 2005; Reed & Frankham, 2003) . Furthermore, a greater number of alleles confers 64 an increased frequency of heterozygosity, which is often associated with population fitness 65 (Reed & Frankham, 2003) . Small or isolated populations with low genetic diversity have 66 been shown to suffer declines due to inbreeding depression and the associated reduction of 67 individual fitness (Blomqvist, Pauliny, Larsson, & Flodin, 2010; Madsen, Shine, Olsson, & 68 Wittzell, 1999; Westemeier et al., 1998) . Conservation efforts to salvage such populations by 69 introducing individuals from allopatric populations (thereby introducing new alleles; "genetic 70 rescue") have been successful, suggesting that the maintenance of genetic diversity can be 71 crucial for population viability (Madsen et al., 1999; Westemeier et al., 1998) . 72
Despite the fact that invasive populations are thought to undergo genetic bottlenecks 73 due to the translocation of a small number of founders from their native range to an 74 introduced range (Allendorf, 2003; Barrett & Kohn, 1991) , invasive species are also 75 characterized by their ability to establish and spread in their introduced ranges. Invasion 76 success is commonly linked to rapid evolution, including adaptation to novel environmental 77 conditions over short timescales (Franks & Although low genetic diversity may limit the ability of an invasive population to 84 respond to natural selection, rapid evolution can also occur through non-adaptive processes: 85
(1) genetic drift may occur on range edges, reducing genetic diversity across an introduced 86 range (L. A. Rollins, Woolnough, Wilton, Sinclair, & Sherwin, 2009); (2) due to spatial 87 sorting, the invasion front may be inhabited exclusively by the individuals with the highest 88 dispersal rates (even if they are not the fittest) because they have arrived first and can only 89 breed with each other (Shine, Brown, & Phillips, 2011 admixture or hybridization may occur between individuals from different introductions or 92 sources (Mader, Castro, Bonatto, & de Freitas, 2016) . 93
It has recently been suggested that the genetic paradox of invasion may be rare; some 94 invasive populations do not suffer a reduction in genetic diversity during introduction, and 95 others do not face novel adaptive challenges in their introduced ranges (A. Estoup et al., 96 2016 ). Furthermore, some invasive systems demonstrate a 'spurious' paradox due to 97 inadequate estimation of genetic diversity (i.e. too few markers), or to maintenance of genetic 98 diversity only at ecologically relevant traits, or to a reduction in genetic diversity resulting 99 from natural selection rather than from genetic bottlenecks (A. Estoup et al., 2016) . These 100 ideas can be tested with genome-wide data ( (Hijmans, 2015) . However, the Australian range is heterogeneous in several environmental 112 factors; on average, sites in QLD are more similar to the native range with respect to aridity, 113 receiving more annual rainfall than sites in the NT and WA (2000-3000 mm in QLD, 400-114 1000 mm in NT and WA; Fig S1A) , and have lower annual mean temperatures (21-24°C in 115 QLD, 24-27°C in NT and WA; Fig S1B) Table S1 ). We excised whole spleen tissue (sample sizes in Table S1A ) and whole brain 152 tissue (sample sizes in Table S1B ) from female toads immediately after euthanasia, and 153 preserved samples in RNAlater (QIAGEN, USA) at -20ºC for a maximum of one month, 154 after which they were drained and transferred to a -80°C freezer for long-term storage. 155
We conducted RNA extractions using the RNeasy Lipid Tissue Mini Kit (QIAGEN, USA) 156 following the manufacturer's instructions, with an additional genomic DNA removal step 157 using on-column RNase-free DNase treatment (QIAGEN, USA). We quantified the total 158 RNA extracted using a Qubit RNA HS assay on a Qubit 3.0 fluorometer (Life Technologies, 159 USA). Extracts were stored at -80•C until sequencing (Macrogen Inc., ROK). mRNA 160 libraries were constructed using the TruSeq mRNA v2 sample kit (Illumina Inc., USA), 161 which included a 300bp selection step. In total, we sequenced 118 individually barcoded 162 samples (46 spleen and 72 brain) across 5 lanes of Illumina HiSeq 2500. Capture of mRNA 163 was performed using the oligo dT method, and size selection parameter choices were made 164 according to the HiSeq2500 manufacturer's protocol. Overall, this generated 709 million 165 with an average Phred score below 30, and removed any read with an average Phred score 179 below 30 or sequence length below 36 bp. 180
As a reference, we used the annotated R. marina transcriptome (Richardson et al., 181 2018), which was constructed from brain, spleen, muscle, liver, ovary, testes, and tadpole 182 tissues. We conducted per sample alignments of reads (FASTQ files) to the reference using 183 STAR v2.5.0a (Dobin et al., 2013) in basic two-pass mode with default parameters, a runRNGseed of 777, and specifying binary alignment map (BAM) alignment outputs. As 185 STAR-generated BAM files lack read groups (identifiers for reads that specify the individual 186 that they come from and the platform that was used to sequence them), we added them to our 187 BAM files using the AddOrReplaceReadGroups tool in Picard Tools (Institute, 2018) we avoided missing SNPs at loci that match the reference in some but not all individuals. We 203 then used the GenotypeGVCFs tool to merge the GVCF files, re-calculate genotype 204 likelihoods at each SNP locus across all individuals, and re-genotype and re-annotate all SNP 205 loci. The results were written to one merged VCF file. Although we initially genotyped all 206 spleens and brains together, we discovered during downstream analyses that there was an 207 effect of tissue type on population assignment -even from the same individuals, and using 208 only SNPs from transcripts expressed in both tissues, spleen and brain samples were assigned 209 to separate populations). Thus, we genotyped spleens and brains separately, resulting in two 210 merged VCF files, and subsequently kept these separate for all downstream analyses. We 211 retained both datasets because each provides a unique benefit: the spleen dataset includes 212 native range samples, but the brain dataset has more extensive sampling of the invasive 213 populations. 214
Rather than following a random distribution, some SNPs are clustered. Clustered 215 SNPs may not be independent, and are thus filtered. We used the VariantFiltration tool to 216 identify and filter 'clusters' (sets of 3 SNPs that appear within a window of 35 bases) in each 217 of our merged VCF files. We also used this tool to filter variants with QualByDepth (QD; 218 variant confidence divided by the unfiltered depth of non-reference samples) less than 2.0, 219 depth of coverage (DP) less than 20.0, and allele frequency less than 0.05. We then subset our 220 VCF files to include only the variants that passed the filters we set in the VariantFiltration 221 step using the SelectVariants tool. This resulted in 803,489 SNPs from spleen data and 222 818,536 SNPs from brain data. We used bcftools (Li et al., 2009 ) to further filter the VCF 223 files, only retaining biallelic SNPs. We examined the results of filtering for minimum minor 224 allele frequency (min MAF) thresholds of 0.01 or 0.05, and several missing data tolerance 225 (MDT) thresholds (the maximum percentage of individuals in the dataset in which a genotype 226 for a locus can be absent without that locus being filtered out). Our population structure 227 results were consistent across min MAF and MDT thresholds, so we ultimately chose to filter 228 our data at min MAF = 0.05 and MDT = 0% (no missing data tolerated) because some 229 downstream analyses cannot handle missing data. These filtering steps reduced the number of 230 SNPs to 65,195 in spleen data and 35,842 in brain data (Table S1A-B). 231 232
Inference of population structure
We used PLINK (Purcell et al., 2007) to convert our VCF files to the Browser Extensible 234 Data (BED) format, which is readable to fastStructure. We then used fastStructure (Raj, 235 Stephens, & Pritchard, 2014) to infer population structure using a variational Bayesian 236 framework for calculating posterior distributions, and to identify the number of genetic 237 clusters in our dataset (K) using heuristic scores (Raj et al., 2014) . We ran the structure.py ten 238 times each (K= 1 to 10). We then took the resulting meanQ files from fastStructure and 239 plotted them using the pophelper package (Francis, 2016) in R (Team, 2016) . 240
In addition to using fastStructure for population assignment, we also performed a 241 
Evaluation of genetic differentiation and diversity 280
To quantify levels of genetic differentiation and diversity, we computed basic statistics in the 281 hierfstat (Goudet, 2005) and diveRsity (Keenan, McGinnity, Cross, Crozier, & Prodohl, 282 2013) packages in R (Team, 2016) . We first used PGDSpider v2.1.1.3 (Lischer & Excoffier, 283 2012) to convert our VCF files to the FSTAT and GENEPOP formats, which are readable to 284 hierfstat and diveRsity, respectively. We then used these packages to calculate measures of 285 genetic differentiation, including global F ST and pairwise F ST (by genetic cluster, invasion 286 phase, and collection site), and genetic diversity, such as expected heterozygosity (He) and 287 rarefied allelic richness (AR). We also computed Shannon's Information Index (SI) with the 288 dartR package (B. Gruber, Unmack, Berry, & Georges, 2018). After calculating these 289 measures of diversity across all loci (N=65,195 from spleen data, N=35,842 from brain data), 290 we calculated the same measures in loci putatively under selection: those with outlier F ST 291 values (N=648 from spleen data, N=203 from brain data) and those associated with 292 environmental variables (N=4179 from spleen data, N=530 from brain data). In spleen data, 293 this allowed us to investigate the hypothesis that genetic diversity is maintained at 294 ecologically relevant traits even if genome-wide diversity is lost. In brain data, this allowed 295 us to examine the effect of natural selection on genetic diversity within Hawai'i and 296
Australia. We used Kruskal-Wallis tests to assess the significance of the differences in 297 genetic diversity. 298
299

Annotation of SNPs 300
To visualize the types of genomic regions in which our SNPs lie, we used SnpEff (Cingolani 301 et al., 2012) . SnpEff analyzes the information in a VCF file, annotates the SNPs, and 302 estimates their effects. We calculated the relative proportions of each type of SNP for both 303 tissue types using the full dataset of SNPs, and our two selection candidate datasets 304 (containing F ST outlier loci associated with an environmental variable). We then used the stats 305 v3.5.0 R package to perform z-tests on the differences in proportions of SNP types between 306 the full and selection candidate datasets. We expected differences in the proportions of 307 certain types of SNPs, such as a lower proportion of synonymous variants in the selection 308 candidates because synonymous mutations do not result in a codon change (and thus are 309 unlikely to change protein function, i.e. phenotype). 310 311
Isolation by distance 312
To examine the effects of geographic distance on genetic distance across the Australian 313 range, we performed a Mantel test using ade4 v1.7-5 (Thioulouse & Dray, 2007) . Because we 314 were focused on isolation by distance through range expansion after introduction (to 315 Australia), samples from Hawai'i and French Guiana were excluded; and because we 316 sampled brain tissue in a greater number of sites within Australia (as opposed to spleen 317 tissue; Table S1A-B), we only performed the Mantel test on brain data. For the geographic 318 distance matrix, we used the dist function in R (Team, 2016) to calculate the Euclidean 319 distances in geographic space between collection sites based on their coordinates. For the 320 genetic distance matrix, we used the collection site-based pairwise F ST values generated from 321 hierfstat. We performed four Mantel tests, using: (1) all loci, (2) loci with outlier F ST values, 322
(3) loci with outlier F ST values and with an environmental association (temperature or 323 rainfall), (4) loci with outlier F ST values but without an environmental association. A 324 significant result across all loci may suggest that the prominent driver of genetic structure is 325 genetic drift. However, clinal variation in allele frequencies may also result from spatial 326 sorting (particularly in loci underlying dispersal ability), or from selection associated with 327 environmental clines; distinguishing these evolutionary processes is difficult. Thus, we 328 performed the additional tests to attempt to separate the effects of genetic drift and spatial 329 sorting. Loci with outlier F ST values are candidates for natural selection and spatial sorting; 330 thus, a significant result from only these loci would less likely be caused by genetic drift. 331
Outlier loci can be further separated into those with an environmental association, which are 332 likely candidates for natural selection driven by environmental variables, and those without 333 an environmental association, which are possible candidates for spatial sorting. If spatial 334 sorting is indeed influencing genetic differentiation, then we may expect to see different 335 patterns between these two groups of loci (e.g. linearity only in the outlier loci without an 336 environmental association). 337 Fig 1) . However, 348 samples were lacking from a large part of the range between those regions; thus, identifying 349 geographic points of differentiation between genetic clusters may be unlikely using this 350 dataset. Furthermore, although there were many collection sites within these regions, 351 metadata with coordinates (or even location names) were unavailable. We downloaded raw 352 100-bp reads from NCBI short read archive (SRA) under the BioProject Accession 353 PRJNA328156. We then converted SRA files to the FASTQ format using the fastq-dump tool 354 in the SRA toolkit. 355
We used Stacks v2.0 (Catchen, Hohenlohe, Bassham, Amores, & Cresko, 2013) for 356 all RADSeq data processing. First, we used the process_radtags program to remove low 357 quality reads from the FASTQ files. Next, we used the denovo_map pipeline to perform a de novo assembly for each sample, align matching DNA regions across samples (called 359 'stacks'), and call SNPs using a maximum likelihood framework. We allowed a maximum of 360 five base mismatches between stacks within an individual and three base mismatches 361 between stacks between individuals. This resulted in 499,623 SNPs. We then filtered the 362 results using the populations program, using one random SNP per locus and four 363 We ran fastStructure using the same methodology as we did for our RNA-Seq dataset. 375
In addition to the model-based fastStructure, we also performed a discriminant analysis of 376 principal components (DAPC) on this dataset using adegenet (Jombart & Ahmed, 2011) . 377 DAPC is a multivariate approach that identifies the number of genetic clusters using K-means 378 of principal components and a Bayesian framework. We also converted the VCF to the 379 FSTAT and GENEPOP formats and computed the same basic statistics for the RADSeq 380 dataset as we did for our RNA-Seq datasets using hierfstat and diveRsity. Because collection 381 site coordinate metadata were unavailable for the RADSeq dataset, we did not perform a 382
Mantel test using these data. 383
Results 385
Population structure across the Hawai'ian-Australian invasion 386
We found three genetic clusters using spleen data (Fig 2A) : French Guiana (native range) 387 formed its own genetic cluster, Hawai'i (source) clustered with QLD (core), and NT 388 (intermediate) clustered with WA (invasion front). In our brain dataset, population 389 differentiation seemed to align with environmental barriers (Fig 2B-C) : Hawai'i (source) 390 clustered with coastal QLD (core), whereas inland QLD/NT (intermediate) clustered with 391 WA (invasion front). Inference of substructure within these two genetic clusters revealed that 392 source and core toads may further differentiate into two separate groups ( Fig 2D) ; however, 393 intermediate and frontal toads remain one genetic cluster (Fig 2E) . 394
RDA was mostly consistent with fastStructure for both spleen ( Fig 3A) and brain (Fig  395   3B ) data, except for the differentiation of source toads and core toads as two separate genetic 396 clusters. It also suggested that: (1) Source toads may have diverged from toads of other 397 clusters due to selection from rainfall during the driest quarter. 3088 SNPs were associated with maximum temperature during the warmest month and 1813 409 were associated with rainfall during the driest quarter. Of these loci, 772 were associated with 410 both environmental variables. We focused on SNPs that were detected both as F ST outliers 411 and environmental correlates: there were 64 outlier SNPs associated with maximum 412 temperature and 47 outlier SNPs associated with rainfall in the driest quarter (including 18 413 outliers associated with both environmental variables). 414
Most of the 64 outlier SNPs associated with maximum temperature during the hottest 415 month (Table S2A ) were in transcripts with functions such as metabolism, transcription 416 regulation, and immune function. There were also two SNPs in HSP4, a gene encoding heat 417 shock protein (HSP) 4 (70 kDa), which is involved in thermal tolerance (on exposure to heat 418 stress) and protein folding and unfolding (Consortium, 2017) . Most of the 47 outlier SNPs 419 associated with rainfall during the driest quarter (Table S3A ) were in transcripts with 420 functions such as cell signaling and immune function. 421
Out of 35,842 SNPs from brain data, 203 were identified as F ST outliers, with a mean 422 global F ST of 0.34. Mean pairwise F ST was 0.50 between the source/core and 423 intermediate/front populations. Also from the brain dataset, 345 SNPs were associated with 424 maximum temperature during the warmest month and 194 were associated with rainfall 425 during the driest quarter. Nine of these loci were associated with both environmental 426 variables. Of SNPs that were detected both as F ST outliers and environmental correlates, there 427 were 38 outlier SNPs associated with maximum temperature and 33 outlier SNPs associated 428 with rainfall in the driest quarter; no outliers were associated with both environmental 429
variables. 430
Most of the 38 outlier SNPs associated with maximum temperature during the hottest 431 month (Table S2B ) were in genes involved in cell signaling, mitochondrial processes 432 (metabolism), or gene expression (Consortium, 2017) . Similarly to the spleen data, there was one SNP from brain data in HSP4. Another SNP was in ARNT2, a gene encoding aryl 434 hydrocarbon receptor nuclear translocator 2, a transcription factor involved in the 435 hypothalamic pituitary adrenal (HPA) axis and visual and renal function (Consortium, 2017) . 436
Of the 33 outlier SNPs from brain data correlated with rainfall during the driest quarter 437 (Table S3B) , 19 were in MAGED2, a gene encoding melanoma-associated antigen D2, which 438 is involved in renal sodium ion absorption (Consortium, 2017) . Four were in STXBP1, a gene 439 encoding syntaxin-binding protein 1, which is involved in platelet aggregation and vesicle 440 fusion (Consortium, 2017 ). The rest were in genes generally involved in gene expression and 441 cell signaling (Consortium, 2017) . 442 443
Evaluation of genetic differentiation, diversity, and isolation by distance 444
Our spleen data show strong divergence between the native and source/core populations 445 In brain data, genetic differentiation between the source/core and intermediate/frontal 450 populations also was low (pairwise F ST = 0.07). Differentiation between source and core 451 toads was lower when calculated with brain data as compared to spleen (pairwise F ST = 0.04). 452
Generally, pairwise F ST by invasion phase (Table S4A ) and collection site (Table S4B ) 453 calculated from brain data revealed that toads from areas that are more closely linked by 454 invasion history are less strongly differentiated. Because the brain data did not include native 455 range samples, overall divergence was estimated to be much lower than it was in the spleen 456 data (global F ST = 0.04). 457 Diversity statistics from spleen data suggest that the native range population is only 458 slightly more genetically diverse than the source/core population (native: He = 0.27, AR = 459 1.74, SI = 0.40; source/core: He = 0.26, AR = 1.74, SI = 0.40; p = 5E-4 for He) but both are 460 more diverse than the intermediate/frontal population (He = 0.23, AR = 1.68, SI = 0.36; p < 461 2E-16 for all measures). However, we also estimated these measures by region (Table 1)  462 rather than by genetic cluster to detect changes in genetic diversity at a finer scale; these 463 calculations reveal a more obvious decline in genetic diversity from the native population to 464 all invasive collection sites. 465
Despite this reduction in genome-wide genetic diversity, subsets of loci putatively 466 under selection in the spleen dataset showed no loss of diversity during introduction (Table  467 1). Here there was an increase in diversity in the source/core population as compared to Geographic distance in collection sites and pairwise F ST values by collection site (as 482 estimated with brain data) were significantly associated across all four of our Mantel tests 483 using: (1) all loci (p = 1E-3, r = 0.76; Fig 4A) ; (2) all loci with outlier F ST values (p = 1E-3, r 484 = 0.75; Fig 4B) ; (3) only loci with outlier F ST values and an environmental association (p = 485 1E-3, r = 0.62; Fig 4C) ; (4) only loci with outlier F ST values but without an environmental 486 association (p = 1E-3, r = 0.77; Fig 4D) . 487
488
SNP Annotations 489
Annotation of SNPs revealed that most of our loci were either missense, synonymous, or 490 found in the 3' untranslated region (UTR). A small percentage were found in the 5' UTR, and 491 the remaining loci involved the loss or gain of stop or start codons ( Figs S2-S3 ). In the spleen 492 data, the temperature-associated outlier F ST subset had a significantly higher proportion of 493 synonymous variants (p = 8E-3) than the full set of SNPs. The outlier loci within HSP4 were 494 both synonymous variants. However, there were no significant differences in proportions 495 between the rainfall-associated outlier F ST subset and the full set of SNPs. 496
In the brain data, there were no significant differences in proportions of SNP variant 497 types between the temperature-associated outlier F ST subset and the full set. The locus within 498 HSP4 was a 3' UTR variant, and the locus within ARNT2 was synonymous. The rainfall-499 associated outlier F ST subset had a significantly higher proportion of 3' UTR variants (p = 500 5E-3) and lower proportion of missense variants (p = 0.04) than did the full set. Eighteen of 501 the nineteen loci within MAGED2 were 3' UTR variants (the last was missense), and two of 502 the four loci within STXBP1 were missense (the other two were synonymous). 503
504
Population structure in Australian toads from the RADSeq experiment 505 Analysis of the RADSeq dataset through fastStructure and DAPC also showed two genetic 506 clusters within Australia (Fig 5A-B) : QLD (core towards intermediate areas) in the first 507 group, and the border of NT/WA (intermediate areas towards the invasion front) in the 508 second group. There was little differentiation between these two groups (pairwise F ST = 0.09) 509 or overall (global F ST = 0.04). We found no evidence of significant substructure within either 510 of the two genetic clusters. The two groups were equal in allelic richness (AR = 2.00 for both 511 groups), but expected heterozygosity was higher in core toads than in intermediate/frontal 512 toads (core: He = 0.50; intermediate/front: He = 0.33). 513 514 Discussion 515
We predicted that genetic diversity would be significantly lower in invasive populations than 516 in native populations due to genetic bottlenecks occurring during serial introductions of cane 517 toads to Hawai'i and Australia. We also predicted strong divergence between native range 518 and invasive populations due to a combination of genetic drift, selection and spatial sorting. 519
In terms of population structure, we predicted low genetic structure within invasive 520 populations in Hawai'i and Australia resulting from putatively low levels of standing genetic 521 variation. Our analyses show evidence of a reduction in genetic diversity from native to 522 invasive populations across all loci. We found three genetic clusters: (1) native range toads, 523
(2) Hawai'ian source toads and eastern Australian range core toads, and (3) all toads from 524 further west in more recently colonized areas (intermediate and invasion front). 525
Differentiation is much higher between the native population and the invasive populations 526 than between the invasive populations. Loci identified as F ST outliers had values greater than 527 0.9 between native and invasive populations, indicating that many of these loci are likely to 528 be fixed for different alleles in these populations. Genetic structure around the aridity barrier 529 suggest that natural selection is occurring in the western part of the Australian range.
However, the presence of isolation by distance across all loci also supports gradual genetic 531 drift across invasion phases; that this relationship is strengthened in the subset of F ST outliers 532 without environmental associations may indicate the presence of spatial sorting. It seems 533 likely that all these evolutionary forces have shaped Australian invasive populations. 534
Evidence that invasive cane toads fit the genetic paradox paradigm is equivocal. We 535 did identify a reduction in overall genetic diversity, both in allelic richness and evenness (He 536 and SI). Previous studies on mtDNA (Slade & Moritz, 1998 ) and microsatellite (A. Estoup, 537 Wilson, Sullivan, Cornuet, & Moritz, 2001) data have also suggested losses in genetic 538 diversity from the native range to Hawai'i and Australia. Despite these findings, we did not 539 find this reduction in the subset of loci putatively under selection (loci with outlier F ST values 540 or associations with environmental variables). This supports the prediction that some 541 invasions do not represent a genetic paradox, despite overall loss of genetic diversity and the 542 presence of novel adaptive challenges, because genetic diversity at ecologically relevant traits 543 is maintained by balancing selection (A. Estoup et al., 2016) . However, diversity of this 544 subset of loci is not only maintained in the source/core population, it is higher than in the 545 native population. This may reflect admixture from multiple genetically-distinct 546 introductions; the Hawai'ian introduction was sourced from the Puerto Rican population, 547 which included introductions from French Guiana and Guyana (Turvey, 2009) . Alternatively, 548 this may represent a genuine paradox; de novo mutation rates may have been high enough to 549 restore or even enhance adaptive potential in the source/core population (A. Estoup et al., 550 2016) . Although these toads have been in Hawai'i and Australia for less than 100 years, they 551 were separated from native toads in the early 1800s when toads were first introduced to 552 Caribbean islands. From the source/core population to the intermediate frontal population, 553 however, diversity of loci putatively under selection is highly reduced; we believe this is 554 because of directional selection, as outlined below. 555
Our two invasive genetic clusters (source/core and intermediate/front) diverge at the 556 transition from coastal to inland areas within Australia, in an area where temperatures 557 become higher and rainfall becomes scarcer, particularly during the dry season (Bureau of 558 Meteorology, 2018). This correlation suggests that these environmental variables may drive 559 population structure and that toads may be adapting to local conditions. Furthermore, RDA 560 indicates selection from temperature and rainfall may drive divergence between invasive 561 populations. Heterogeneous climates across introduced or expanding ranges have previously 562 been linked to genetic differentiation, possibly due to climatically-imposed selection ( Among our loci associated with temperature are several within a gene encoding 574 protein HSP 4 (70 kDa). HSPs protect protein folding during increased temperatures and 575 provide cells with enhanced thermal tolerance (Kiang & Tsokos, 1998) , and expression of 576 HSP genes has been shown to underlie adaptive responses to environmental stress (Chen, 577 Feder, & Kang, 2018) . Changes in HSP levels in response to thermal environment 578 manipulation vary between native and invasive cane toads, as well as between populations of 579 toads within Australia (G. K. . In our study, the SNPs
